OBJECTIVE: To estimate the reliability of anthropometric measurements in overweight and lean subjects, and to examine the in¯uence of this reliability on correlations to other variables, since low reliability leads to underestimation of correlations. DESIGN: Replicate measurements by two observers in 26 overweight and 25 lean subjects measured at two occasions. MEASUREMENTS: Sagittal abdominal diameter (SAD), waist circumference (waist), waist-to-hip ratio (WaH) and skinfold measurements. RESULTS: Intra-class correlation coef®cients (ICCs) for SAD and waist were higher than for WaH (0.98 vs 0.90, P`0.001, and 0.97 vs 0.90, P 0.001, respectively). For waist, the ICC was lower for overweight than for lean subjects (0.85 vs 0.95, P 0.030), but the ICC values were comparable for SAD and WaH (0.92 vs 0.95 and 0.78 vs 0.83, respectively). Intra-observer variations (IOV) for SAD and waist were lower than for WaH (coef®cients of variation; 1.6%, 1.4% and 2.3%, respectively), as were intra-subject variations (ISV) (2.7%, 3.0% and 3.4%, respectively). ICC values ranged from 0.84 to 0.93 and were lower for overweight than for lean subjects for biceps, subscapular and umbilical skinfolds (P 0.031, P`0.001 and P 0.048, respectively). Coef®cients of variations for skinfold measurements ranged between 7.3% and 16.0% for IOV and between 14.9% and 20.8% for ISV. CONCLUSIONS: The low ICC values imply that correlations can be underestimated in overweight groups. We propose that, because of their higher reliability, SAD and waist have a higher predictive capacity for cardiovascular risk than WaH. SAD is the only measurement with high reliability in both weight groups and its use is recommended.
Introduction
Epidemiological studies have shown that excess body fat, particularly abdominal fat, is related to the development of metabolic complications such as atherosclerosis and type 2 diabetes. 1 ± 3 Reliable methods for measurement of body fat and fat distribution are therefore of importance. Methods for direct assessment of abdominal fat include ultrasound, dual energy X-ray absorptiometry, magnetic resonance imaging and computerised tomography. 4, 5 However, these methods are expensive and, in the case of computerized tomography, the subjects are exposed to ionizing radiation. Measurements of anthropometric variables such as sagittal abdominal diameter (SAD), waist circumference, hip circumference, waist-to-hip ratio (WaH) and different measures of skinfold thickness are simple, inexpensive and commonly used methods for indirect assessment of the body fat distribution. 4, 5 WaH has been the most widely used method for routine measurements of abdominal fat; today, however, there seems to be a shift towards the use of SAD 4 or waist circumference alone. 6 Recent studies have shown that SAD and waist circumference appear to be more strongly related to metabolic variables than WaH. 4,7 ± 11 Skinfold thickness was originally used with prediction equations presented by Durnin and Womersley 12 to assess the percentage of body fat, but they are also used to estimate the subcutaneous fat distribution. Although the reliability of anthropometric measurements has been extensively studied, information on different sources of variation and on the way in which variations are related to body mass index (BMI) is not always available.
Poor precision in measurement of an anthropometric variable will lead to underestimation of correlations to other variables. 13 This effect can be measured with the intra-class correlation coef®cient (ICC). The level of ICC might be different for lean and overweight subjects, which could result in differential underestimations. The ICC depends on the pure measurement error, the biological variation over time within subjects and the between-subject variation. Thus, it is of importance to estimate these components. To our knowledge such estimates have not been presented separately for lean and overweight subjects.
The aim of this study was to assess intra-observer variations (IOV), intra-subject variations (ISV) and ICC for a selected number of anthropometric measurements (SAD, waist and hip circumferences, WaH, and skinfold measurements Ð biceps, triceps, subscapular, suprailiac, umbilical, anterior and posterior thigh) in groups of lean and overweight subjects. Also, the effect of ICC on estimates of correlation coef®cients was to be evaluated. SAD was measured both with legs stretched and bent to see whether this could in¯uence the result. Hypotheses to be tested were: whether ICC values were different for overweight and lean subjects for all measurements; and if ICC values for SAD, waist and WaH were different in a combined group of overweight and lean subjects.
Subjects and methods

Subjects
Fifty-one subjects were divided into two groups; lean (n 25, BMI`26) and overweight (n 26, BMI 26). The lean and the overweight groups consisted of 14 women and 11 men, and 13 women and 13 men, respectively. The overweight subjects were mainly recruited from the metabolic unit at Uppsala University Hospital. The lean subjects were either staff or students at Uppsala University or recruited from companies located nearby. Participation in the study was voluntary.
Design
Each patient was examined on two occasions, 1 ± 3 weeks apart. The medical history, including information about large weight changes during the previous month, was obtained with a questionnaire on the ®rst occasion. The subjects were asked to continue their usual daily life during the study. The measurements were performed as follows:
Thus, the set of measurements was performed four times in each subject, three times on the ®rst occasion and once on the second. In this way each observer made two sets of measurements in each subject.
Methods
BMI was calculated as body weight (in kilograms) without shoes and with light clothing, divided by height (in meters) squared. Height was rounded to 0.5 cm. Body weight was measured on a digital scale with an accuracy of 0.1 kg.
Waist and hip circumferences, like SAD, were measured with the subject in a supine position. Waist circumference was measured midway between the lower rib and the iliac crest. Hip circumference was measured at the widest part of the hip. The waist and hip measurements were read to the nearest 5 mm. WaH was calculated as waist divided by the hip circumference. SAD was measured both with the legs stretched and bent. The perpendicular distance between the plane of support and the highest point of the abdomen was measured and read to the nearest 1 mm.
Skinfolds were measured with two calibrated Harpenden skinfold callipers. The skinfolds were measured at seven different locations and were read to the nearest 0.1 mm. All measurements were made on the non-dominant side. The calliper was positioned, and was read after approximately 3 s. No marks were done at the actual skinfold site before measurement. The skinfolds used were:
Biceps Ð midway from the armpit to the elbow on the front of the arm; Triceps Ð midway from the joint of the shoulder to the elbow on the back of the arm; Subscapular Ð 2 cm below the shoulder-blade and 2 cm from the spine; Suprailiac Ð on the mid-axillary line just above the iliac spine; Umbilical Ð 2 cm to the left of the umbilicus; Anterior thigh Ð 10 cm above the top of the patella, front aspect; Posterior thigh Ð 10 cm above the top of the patella, back aspect.
The measurement of weight, height and central obesity were performed by ®ve trained observers from the metabolic unit, two observers for each subject according to the measurement scheme. The measurements of skinfold thickness were performed by two of the authors (EO and KN), who were trained by an experienced observer.
Statistical methods
The difference between the two measurements made by observer A at occasion 1 was calculated (d o ) as well as the difference between the measurements made by observer B at occasions 1 and 2 (d s ). Thereafter, measures of IOV and ISV (sum of biological variation and IOV) were calculated as standard deviations of d o and d s , respectively, and as coef®cients of variation (CV), ie standard deviations in percent of the total mean.
14 These calculations were performed for the whole study group and for the overweight and lean groups separately.
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Reliability of anthropometric measurements K Nordhamn et al correlations to other variables. ICC and the closely related attenuation factor, which is a measure of the actual relative bias in correlations, are measures of reliability. For example, an attenuation factor of 0.9 means that the expected underestimation of a correlation will be 10%. These measures were calculated from the ratio of the between-subject variation to ISV. 13 ICCs and attenuation factors were estimated for all anthropometric variables for the whole study group and for the lean and overweight groups separately. Statistical signi®cance tests of the hypotheses were made for comparisons of ICC values between overweight and lean groups 13 and for comparisons of ICC values between waist, SAD with bent legs and WaH measurements within the whole study group. 13 All tests were two-tailed and P-values`0.05 were considered statistically signi®cant. All other comparisons were descriptive. The calculations were made with the statistical program package SAS version 6.12 (SAS Institute Inc., Cary, NC, USA).
Results
The characteristics of the investigated groups are presented in Table 1 . Mean BMI values differed between the overweight men and women (32.7 vs 35.5) with P-value 0.018.
For the measurements of weight, height and BMI, only ISV was calculated. As seen in Table 2 , the variation in height measurements was very small. In this sample, the variation in BMI was mostly due to variation in weight, even though BMI is de®ned with height squared. The contribution from height CV is 17% of the BMI CV.
The variations in measurements of central obesity are compared between the subgroups in Table 3 . IOV was similar between the overweight and lean groups. The coef®cient of variation for WaH was larger than those for waist and hip circumferences. This observation was the same in both groups and for both IOV and ISV. For WaH, the ISV and IOV were higher than the variations for the SAD measurements. For SAD with stretched and bent legs the variations were similar.
The variation in measurements of skinfolds, shown in Table 4 , were larger than those in the other anthropometric measurements (Table 2 and 3) . The triceps and umbilical skinfolds showed the lowest IOV of the skinfolds measurements (8%). ISV was larger for the triceps and biceps than for the other skinfolds. The a For ISV n 25 for overweight group and n 50 for all subjects. Table 5 for waist and hip circumferences and SAD were high (ICC: 0.96 ± 0.98; attenuation factors: 0.98 ± 0.99) and lower for WaH (0.90 and 0.95, respectively). P-values for comparisons of SAD with bent legs and waist vs WaH were`0.001 and 0.001, respectively, and the P-value for comparison of SAD with bent legs versus waist was 0.472. The ICC values and the attenuation factors were higher for the lean group than for the overweight group (except for hip measurements). These differences in ICC reached statistical signi®cance for waist and weight. The smallest difference in ICC between lean and overweight subjects was observed for SAD with bent legs.
The ICC values and the attenuation factors for skinfold measurements ranged from 0.84 to 0.93 and 0.92 to 0.97, respectively, with the lowest value for triceps measurements (Table 6 ). For biceps, subscapular and umbilical skinfolds lean subjects had larger ICC and attenuation factors than overweight subjects.
Discussion
This is the ®rst study to formally show that SAD and waist measurements have higher reliabilities than WaH. It is also the ®rst time that comparisons between overweight and lean groups regarding reliabilities have been made using signi®cance tests.
One important observation in this study was that several anthropometric measurements had lower reliability in overweight subjects than in lean subjects. This was the case for the trunkal measurements Ð waist, SAD with bent and stretched legs, subscapular, suprailiac and umbilical skinfolds Ð although the difference did not reach statistical signi®cance for the SAD measurements and suprailiac skinfolds. It is therefore recommended that replicate measurements of anthropometric variables be made in studies of overweight subjects. As the IOV component of the total measurement error is in general large (Tables 3  and 4 ), it will be suf®cient to make replicate measurements on one occasion. Replicate measurements appear to be especially important when correlation coef®cients between anthropometric measurements and metabolic factors are compared between lean and overweight groups. The difference in measurement precision, as measured by the ICC, can otherwise give rise to a greater underestimation of correlations in overweight groups than in lean groups.
We are aware of the fact that the higher ICC values in the whole study group is an effect of increased ranges to some extent. As comparisons of ICCs were not performedbetween the whole studygroup and the subgroups thisissuewasofnomajorconcern.Thecomparisonswere made between the two subgroups and between different measures in the whole study group.
When we compared the different anthropometric measurements of central obesity regarding ICC values (Table 5) , we found that these values were generally lower in the overweight group. However, we observed that the ICC values for SAD measurements with bent legs showed ICC values above 0.9 in both groups. In a prospective study on 45 ± 50-y-old male Swedish 
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Volvo employees it was shown that SAD was a strong indicator of coronary risk. 15 The fact that SAD was a strong indicator may be explained by a high reliability of the SAD measurements, as shown in our data. Since SAD measurements with bent legs showed somewhat higher ICC values than measurements with stretched legs, we would recommend that SAD be measured with bent legs (unless a slide-calliper is used) in order to obtain a measure with high reliability over a wide range of BMI.
Results from a previous study 3 indicated that waist circumference is a more predictive measure than WaH for development of type 2 diabetes. In a weight loss study 16 it was concluded that changes in waist circumference correlated signi®cantly to changes in cardiovascular risk factors such as total cholesterol, low density lipoprotein cholesterol and diastolic blood pressure, whereas the correlations between WaH changes and changes in these variables were less pronounced. Pouliot et al 7 showed that waist circumference is a better anthropometric index than WaH for predicting abdominal visceral adipose tissue and cardiovascular morbidity risk. They concluded that waist circumference and WaH provide different information: the former determining the extent of abdominal obesity and the latter the regional distribution of adipose tissue. Our ®ndings support another possible explanation for this discrepancy in the predictive ability of waist circumference and WaH. We have shown that the WaH ratio carries larger measurement errors than waist and hip measurements alone. Ratio measures will in general have lower reliability than their nominator and denominator. 17 When the true values of the nominator and denominator are positively correlated (in our study the correlation between waist and hip was 0.87) and their measurement errors are uncorrelated, the reliability of the ratio will be poorer than the reliability of the components. We thus conclude that the discrepancies between the predictive abilities of waist circumference and WaH are partly due to a lower reliability of the latter measure. In order to achieve an estimate of the proportion of the different predictive abilities that could be accounted for by different reliabilities, we applied our estimates of attenuation factors to correlations from a large cross-sectional study on the relation between anthropometric variables and cardiovascular risk factors.
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In that study, waist and WaH were associated with a cardiovascular risk index with correlation coef®cients of 0.53 and 0.45, respectively. The predictive ability is de®ned as the square of the correlation. If the two measurements had the same attenuation factors, the difference in predictive ability would be reduced by 19.5%. This example further implies the importance of measurement reliability when correlation coef®-cients are compared.
We found a much lower variation in SAD than in WaH, which is in contrast to a previous observation. 18 The ICC value was lower for WaH than for waist and hip measurements separately, a ®nding in accordance with other reports. 19, 20 Regarding IOV for WaH, we obtained similar results to those in two other studies. 18, 20 The IOV of the triceps and subscapular skinfolds in this study are comparable to those found by Sullivan et al. 21 Ferrario et al 20 noted lower variation than ours for subscapular but comparable variation for triceps skinfolds.
In conclusion, the ICCs were in general lower in overweight subjects, indicating that correlations can be underestimated in overweight groups. We propose that SAD and waist circumference have a higher predictive capacity for cardiovascular morbidity risk than WaH, partly for the reason that the former measures have higher reliability. Speci®cally, waist circumference is more precise than WaH, since a ratio generally has larger measurement errors than its nominator and denominator. In a comparison of all measurements, SAD with bent legs showed the highest reliability, which was unaffected by BMI. We therefore recommend the use of SAD with bent legs as a cheap and accurate assessment of metabolic and cardiovascular risk. It remains to be investigated how different diseases, such as type 2 diabetes, in¯uence the degree of variability in anthropometric measurements as well as the difference between overweight and lean subjects. Also, this question needs to be addressed in elderly people and in a larger randomized population sample.
